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1.  INTRODUCTION 


An  electrothermal-chemical  (ETC)  gun  is  a  propulsion  concept  that  utilizes  a  low-mass,  high-energy, 
electrically  generated  plasma  to  initiate  and,  hopefully,  control  the  combustion  of  an  energetic  material 
(propellant).  The  electrical  and  chemical  energy  of  the  plasma  and  propellant  combine  to  produce 
expanding  gases.  These  gases  propel  the  projectile  in  a  similar  gas  dynamic  manner,  although  at  increased 
performance  levels,  as  equivalent  caliber  conventional  powder  guns.  Thus,  similar  to  conventional  gun 
systems,  optimization  and  detailed  modeling  of  the  ETC  gun  system  require  an  accurate  knowledge  of  both 
the  thermochemical  properties  of  the  plasma/propellant  gases  as  well  as  the  burning  or  gas  generation  rate 
of  the  propellant  with  and  without  plasma  augmentation.  In  fact,  for  ETC  concepts  utilizing  solid 
propellants  (SPETC),  calculations  (White  et  al.  1994)  indicate  that  bum  rate  enhancements,  due  to  the 
plasma  (or  other  factors),  of  at  least  100%  over  the  standard  (non-augmented)  bum  rate  are  required  to 
achieve  significant  improvement  in  gun  performance  when  using  high-loading  density  charges  with 
conventional  propellant  granulations.  Consequently,  knowledge  of  the  bum  rate  (with  and  without  plasma 
augmentation)  is  needed  not  only  for  optimization  and  modeling  purposes,  but  also  to  determine  the 
viability  of  proposed  solid  propellant  compositions  and  geometries  to  provide  the  performance 
enhancements  possible  with  ETC  gun  propulsion. 

To  date,  four  mechanisms  have  been  proposed  to  explain  how  a  plasma  could  modify  the  propellant 
gas  generation  rate: 

(1)  Erosion  of  the  solid  propellant  surface  (Harris  et  al.  1993)  by  the  hot  plasma,  resulting  in  the 
removal  of  additional  propellant  material  beyond  the  amount  due  to  non-augmented  combustion 

(2)  Creation  of  "worm  holes”  in  the  propellant  (Lieb  and  Gillich  1994),  due  to  imperfections  in  the 
grain,  which  create  additional  burning  surface  area  that  would  be  reflected  as  an  increase  in  bum  rate 

(3)  In-depth  radiative  heating  of  the  propellant  grain  (White  et  al.  1994) 

Radiative  heating  of  the  propellant  is  feasible  since  calculations  have  shown  that  a  200-K  in-depth 
temperature  increase  may  be  possible  in  the  ballistic  time  frame  (1-2  ms)  due  to  radiation  from  the 
plasma.  (Details  can  be  found  in  White  et  al.  [1994]).  In  addition,  as  measured  from  closed  chamber 
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experiments,  propellant  bum  rate  is  a  function  of  the  propellant  grain  temperature  exhibiting  increases  of 
0.3-0.8%  in  bum  rate  per  degree  rise  in  temperature. 

(4)  The  plasma  simply  increases  the  gas  temperature,  causing  an  increase  in  pressure. 

The  objective  of  this  report  is  to  summarize  experimentally  obtained  bum  rate  results  for  the  solid 
propellants  M5  and  JA-2  with  and  without  plasma  augmentatioa  To  address  the  erosion  mechanism, 
results  from  experiments  performed  at  North  Carolina  State  University  (NCSU),  under  contract  to  the  U.S. 
Army,  which  involved  the  direct  impingement  (felt  to  be  a  necessity  for  erosion)  of  the  plasma  on  a  single 
JA2  propellant  grain  are  presented.  Radiative  heating  is  addressed  via  ETC  closed  chamber  experiments 
at  various  electrical-energy  input  levels  (15-60  kJ)  and  electrical  pulse  lengths  (1 .2-2.4  ms)  performed 
at  the  U.S.  Army  Research  Laboratory  (ARL).  Bum  rate  results  from  these  experiments  are  provided. 
The  effect  on  bum  rate  due  to  "worm  holes"  is  not  addressed  in  this  report  since  no  experiments  to 
quantify  this  effect  have  been  performed.  Using  plasma  as  a  source  to  increase  pressure  and,  hence,  the 
gas  generation  rate,  does  not  affect  bum  rate  and  is  not  discussed.  Also  not  addressed  in  this  report  are 
possible  interrelationships  of  the  four  proposed  mechanisms  affecting  propellant  bum  rate.  This  remains 
an  open  research  area. 

2.  PROPELLANT  CHARACTERISTICS 


As  mentioned  in  section  1,  this  report  focuses  on  the  plasma/propellant  combustion  behavior  of  two 
standard  solid  propellants,  M5  and  JA2.  Both  M5  and  JA2  are  high-energy  propellants.  JA2  propellant 
is  currently  being  used  in  certain  U.S.  Army  tank  rounds,  and,  like  M5,  has  been  proposed  for  use  in 
several  ETC  charge  configurations.  Thus,  attempting  to  fully  characterize  the  combustion  behavior  of  both 
propellants  seems  appropriate.  Thermochemical  and  physical  properties  for  both  propellants  that  were 
utilized  in  performing  the  various  analyses  are  given  in  Table  1. 

3.  NORTH  CAROLINA  STATE  UNIVERSITY  (NCSU)  RESULTS 

As  mentioned  in  the  introduction,  the  NCSU  experiments  involved  the  direct  impingement  of  plasma 
on  the  propellant  It  was  hoped  that  this  experiment  would  provide  information  on  bum  rate  augmentation 
due  to  erosive  effects.  However,  it  is  possible  that  other  mechanisms  such  as  radiative  heating  are  also 
influencing  the  measured  results. 
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Table  1.  Thennochemical  and  Physical  Properties  of  M5  and  JA2 


Property 

M5 

JA2 

Impetus  (J/g) 

1,144 

Flame  temperature  (K) 

3,424 

Molecular  weight 

25.70266 

24.886 

Ratio-of-specific  heats  (gamma) 

1.2258 

1.2254 

Covolume  (cm3/g) 

0.984 

0.991 

Density  (g/cm3) 

1.65 

1.58 

|  Standard  BR  Law2:  (Experimentally  measured  without  plasma)  | 

r  (cm/s) 

0.3131  P07999 

0.17969  P08796 

a  P  represents  pressure  in  MPa. 


The  solid  granular  propellant  JA2  was  tested  in  the  experimental  electrothermal  plasma-propellant  test 
facility  (PIPE)  at  NCSU  to  determine  its  bum  rate  with  plasma  injection  perpendicular  and  parallel  to  the 
surface  of  the  propellant  (Edwards  1993).  Bum  rates  have  been  determined  at  pressures  between  55  and 
90  MPa  (8,000  and  13,000  psi,  respectively)  over  400-ps  pulse  length.  This  pressure  is  provided  by  the 
electrothermal  plasma  source  that  injects  a  high-density,  low-temperature  plasma  onto  the  surface  of  the 
propellant  (Bourham  et  al.  1992).  The  experimental  facility  provides  controlled  external  heat  flux  to  ignite 
propellants  at  preselected  pressures.  The  electrothermal  plasma  source  is  connected  to  a  pulse  power 
system,  which  consists  of  a  340-pF  Maxwell  capacitor,  parallel  transmission  line,  spark-gap  switch, 
charging  power  supply,  and  necessary  interlocking  circuits.  The  capacitor  can  be  charged  up  to  10  kV 
(17  kJ  stored  energy),  and  provides  up  to  100  kA  discharge  current  over  400  ps.  The  plasma  source  is 
a  typical  capillary  discharge,  which  forms  a  high-density,  low-temperature  plasma  by  the  ablation  of  the 
source  insulator.  The  source  is  attached  to  a  combustion  chamber  (15.24  cm,  six-way  stainless  steel  cube) 
that  contains  two  test  stands  for  the  propellant  and  material  samples.  Positioning  is  necessary  so  that  the 
heat  flux  can  be  varied  easily  from  high  (close  to  the  plasma)  to  low  (farther  away).  Figure  1  shows  a 
schematic  drawing  of  the  experiment  (left),  and  details  of  the  propellant  sample  test  stand  diagnostics 
(right). 

The  experiment  is  equipped  with  various  standard  and  special  diagnostics.  Standard  diagnostics 
include  a  Rogowski  coil  and  a  potential  divider  for  the  discharge  parameters  (current  and  voltage),  and 
an  absolute  pressure  transducer  for  the  chamber  pressure.  Special  diagnostics  include  strain  gauges  for 
pressure  and  stress  distribution,  fast  thermocouples  for  heat  flux  calorimetry,  fiber  optics-to-photodiodes 


3 


Pressure 

Transducer 


Solid  Propellant 
Sample 


Diagnostics 


Figure  1.  Schematic  drawing  of  the  experiment  (left)  and  details  of  the  propellant  test  stand  (right). 
(FO  =  fiber  optics.  TC  =  thermocouple,  PD  =  photodiode,  and  SG  =  strain  gauge). 


for  bum  rate  measurements,  and  fiber  optic-to-infrared  detectors  for  surface  and  flame  temperature 
monitoring.  The  test  stand  allows  for  plasma  injection  normal  or  parallel  to  the  surface  of  the  propellant, 
or  at  any  desired  angle  of  injection.  The  plasma  is  injected  over  a  discharge  period  of  400  ps  to  provide 
external  heat  flux  and  pressure  sufficient  to  ignite  the  propellant  and  maintain  burning  during  the  injection 
time. 

\ 

Evaluation  of  JA-2  bum  rate  has  been  conducted  in  the  PIPE  experiment  for  two  modes  of  plasma 
injection,  perpendicular  and  parallel  to  the  surface  of  the  propellant  (Figure  2).  The  experiments  have 
been  conducted  at  3-5.6  kJ  input  energy  levels.  This  input  energy  range  provides  power  fluxes  from  15  to 
38  GW/m2  at  surface  pressures  between  55  and  90  MPa.  The  evaluation  of  the  bum  rate  is  based  on  the 
incomplete  bum  method,  which  can  be  used  to  evaluate  the  bum  rate  from  the  mass  loss.  This  direct,  or 
static,  method  is  useful  when  electrothermal  plasmas  are  generated  under  vacuum  by  the  ablation  of  the 
source  liner.  This  method  is  different  from  the  closed  chamber  experiment  where  the  plasma  can  be  at 
atmospheric  or  higher  pressure  by  exploding  a  fuse  inside  of  the  electrothermal  source.  When 
electrothermal  plasma  is  injected  into  the  propellant  under  vacuum,  the  bum  process  continues  only  during 
the  discharge  time.  This  is  because  the  pressure  at  the  propellant’s  surface  is  high  enough  for  increased 
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Figure  2.  Schematic  drawing  showing  the  position  of  the  plasma  source  and  the  propellant  test  stand  for 
two  different  test  scenarios,  parallel  and  perpendicular  injection  to  the  surface.  (The  propellant 
is  3.5  cm  from  the  source  exit). 


bum  rate,  and  the  bum  extinguishes  after  the  plasma  discharge  is  terminated  as  the  pressure  rapidly 
decreases.  In  such  a  case,  the  bum  will  be  incomplete  and  mass  loss  of  the  propellant  can  be  measured 
to  evaluate  the  bum  depth  per  unit  time. 


The  bum  rate  results  obtained  for  plasma  injection  perpendicular  and  parallel  to  the  surface  of  the 
propellant  are  compared  to  known  conventional  bum  rate  results  for  the  same  propellant.  Conventional 
bum  rate  data  have  been  provided  by  the  U.S.  Army  Research  Laboratory  for  solid  JA2  propellant. 
Figure  3  shows  the  bum  rate  of  JA2  solid  propellant  with  plasma  injection  compared  to  the  bum  rate  for 
conventional  ignition.  The  bum  rate  has  been  calculated  from  the  evolved  mass  (mass  loss  transferred 
to  ablation  thickness)  over  the  discharge  period  of  400  ps,  assuming  that  the  bum  process  takes  {dace 
during  that  time,  which  represents  an  average  estimate  of  the  bum  rate.  The  conventional  bum  rate  data 
is  shown  in  Figure  3  by  the  solid  line  for  the  bum  rate  equation  BR  (in/s)  =  80  x  10-5  p0-889,  where  P 
is  the  pressure  in  psi.  The  measured  values  are  shown  by  the  squares  and  circles  for  perpendicular  and 
parallel  injection,  respectively.  The  dotted  curve  represents  the  best  curve  fit  for  the  data  obtained  for 
perpendicular  injection  (BR  =  3.49  x  10-5  P13755).  Plasma  injection  parallel  to  the  surface  shows  an 
enhancement  in  the  bum  rate  between  20-40%,  compared  to  conventional  bum  rate  data.  These  results 
are  within  reported  data  for  various  bulk-loaded  JA2  tests.  The  set  of  measurements  with  plasma  injected 
perpendicular  to  the  surface  shows  an  increase  in  the  bum  rate  by  a  factor  of  3,  and  greater,  at  a  surface 
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Figure  3.  Measured  bum  rate  of  JA2  solid  propellant  for  plasma  injection  perpendicular  and  parallel  to 
the  surface  as  a  function  of  the  pressure  at  the  propellant's  surface,  compared  to  the  bum  rate 
of  the  same  propellant  with  conventional  ignition. 

pressure  between  69  and  83  MPa  (10,000  to  12,000  psi).  These  results  suggest  that  the  angle  of  injection, 
with  respect  to  the  direction  of  the  grains,  is  important  in  bum  rate  augmentation.  It  appears  that  possible 
plasma  augmentation  to  bum  rates  is  not  only  dependent  on  the  pressure,  but  also  on  the  geometry. 

These  results  have  been  obtained  at  various  energy  input  levels  to  the  plasma  source  (i.e.,  different 
average  plasma  temperatures  from  1  to  3  eV),  which  results  in  power  fluxes  between  15  and  38  GW/m2 
over  the  entire  pulse  length.  The  actual  heat  flux  received  at  the  surface  of  the  propellant  will  be 
dominated  by  the  effectiveness  of  the  vapor  shield  (Gilligan  et  al.  1992).  This  means  that  the  vapor  layer 
at  the  surface  of  the  propellant  absorbs  a  large  fraction  of  the  incoming  energy.  This  fraction  may  change 
depending  upon  the  effectiveness  of  the  flame  vapor  shield  at  the  plasma-propellant  interface.  The 
coupled  effect  of  both  plasma  pressure  and  temperature  is  still  unknown,  which  suggests  more  research 
is  needed  to  decouple  plasma  temperature  and  pressure  effects.  However,  possible  plasma  augmentation 
to  JA2  solid  propellant  burning  rates  is  evident  from  these  results  and  is  dependent  on  the  angle  of 
injection,  which  shows  higher  bum  rates  when  the  electrothermal  plasma  is  injected  perpendicular  to  the 
surface  (normal  to  grains)  of  the  propellant. 
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4.  U.S.  ARMY  RESEARCH  LABORATORY  RESULTS 


Experimental  firings  at  ARL  involved  the  use  of  a  closed  chamber  modified  to  accommodate  plasma 
injection.  A  schematic  of  the  ETC  closed  chamber  and  associated  pulse  power  system  are  shown  in 
Figure  4.  Specific  details  concerning  the  fixture,  instrumentation,  data  acquisition,  and  propellant 
geometry  can  be  found  in  two  separate  papers  (Del  Guercio  et  al.  1994;  Stobie,  Del  Guercio,  and  Oberle 
1994).  For  future  reference,  two  pressure  gauges  are  used  with  the  fixture:  gauge  1  in  the  end  closure 
plug,  right-hand  wall  of  combustion  chamber  on  center  line,  and  gauge  2  located  on  the  side  wall. 
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Figure  4.  Schematic  of  ARL  ETC  closed  chamber  and  power  supply. 

The  objective  of  the  ARL  firings  was  to  determine  the  impact  of  the  electrically  generated  plasma  on 
the  bum  rate  for  bulk-loaded  propellants  as  opposed  to  the  single  grains  used  in  the  NCSU  experiments. 
As  previously  discussed,  it  was  hoped  that  a  significant  increase  (at  least  100%)  in  bum  rate  would  be 
observed  with  the  most  likely  explanation  being  radiative  heat  transfer  since  direct  impingement  of  the 
plasma  on  the  bulk  of  the  propellant  was  unlikely.  Evidence  strongly  supporting  the  plasma  radiative 
heating  hypothesis  would  be  elevated  (greater  than  the  standard  bum  rate)  bum  rates  after  the  electrical 
energy  input  was  terminated. 

4.1  Conventional  Posed  Chamber  Firings.  However,  to  ensure  that  bum  rate  results  were  not  being 
influenced  by  the  geometry  of  the  closed  chamber,  two  conventionally  (using  black  powder  without 
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electrical  energy)  ignited  firings  were  performed  in  which  the  plasma  generator  cavity  was  sealed  off  from 
the  combustion  chamber.  Deduced  bum  rates  from  the  pressure  data  using  the  BRLCB  closed-chamber 
data  analysis  code  (Oberle  and  Kooker  1993)  and  the  standard  JA2  bum  rate  are  shown  in  Figure  5  on 
the  normal  log  bum  rate  vs.  log  of  pressure  plot.  The  propellant  loading  density  was  0.23  g/cm  . 


Figure  5.  Comparison  of  standard  JA2  bum  rate  with  those  deduced  from  ETC 
closed  chamber  firings  using  convention  ignition. 

As  can  be  observed  in  the  figure,  the  bum  rates  for  the  two  conventionally  ignited  firings  are  virtually 
identical  to  the  standard  JA2  bum  rate,  especially  in  the  20-80%  of  maximum  pressure  (40-180  MPa) 
range.  Due  to  the  uncertainties  in  propellant  ignition  and  variability  in  grain  geometry,  closed  chamber 
data  are  generally  considered  most  accurate  in  the  20-80%  of  maximum  pressure  range.  Details 
concerning  the  loading  density  (ratio  of  propellant  mass  to  chamber  volume)  and  deduced  bum  rate  laws 
in  the  tradition  r  =  bP"  representation  are  provided  in  Table  2. 
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Table  2.  Results  of  Conventionally  Ignited  JA2  Closed-Chamber  Firings 


Firing  ID 

Loading  Density 
(g/cm3) 

Bum  Rate 
Coefficient 
(an/MPa11  -  s) 

Law  Exponent 
(-) 

12103S1 

0.23 

0.164011 

0.9079 

12103S2 

0.21 

0.130195 

0.9618 

4.2  Plasma- Augmented  Closed  Chamber  Firing  Results.  With  confidence  in  the  ETC  closed  chamber 
design  due  to  the  excellent  match  of  deduced  bum  rates  for  the  conventionally  ignited  JA2  firings  and  the 
standard  JA2  bum  rate,  plasma-augmented  closed  chamber  firings  were  performed  using  M5  and  JA2  solid 
propellant 

4.2.1  M5  Bum  Rate  Results.  Typical  bum  rate  results  for  two  of  the  M5  propellant  firings  are  shown 
in  Figure  6.  Both  curves  display  the  same  type  of  behavior.  First  there  appears  to  be  substantial  wave 
structure  to  the  curves.  This  is  most  likely  due  to  the  vigorous  and  often  nonuniform  ignition  provided 
by  the  plasma  and  the  large  ullage  associated  with  closed  chamber  firings  where  loading  densities  are  well 
below  those  associated  with  gun  charges  (0.2-0.35  g/cm3  in  closed  chamber  vs.  0.8-0.95  g/cm3  for  typical 
gun  loading  densities).  Second,  at  low  pressures  (below  70  MPa  for  these  firings),  both  curves  exhibit 
enhanced  bum  rates  compared  to  the  standard  M5  bum  rate  (solid  straight  line).  This  is  consistent  with 
the  NCSU  results,  since  at  the  early  stages  of  combustion,  many  of  the  grains  could  be  directly  impacted 
by  the  plasma.  Finally,  above  70  MPa,  both  curves  appear  to  oscillate  about  the  standard  bum  rate  curve. 
This  indicates  little  or  no  impact  on  the  propellant  bum  rate  by  the  plasma,  even  though  for  firing 
Q21594S1,  the  electrical  energy  level  input  continues  well  past  200  MPa  (dashed  vertical  line).  At  this 
point  in  the  combustion  cycle,  above  70  MPa,  the  chamber  would  be  filled  with  a  substantial  amount  of 
combustion  gases  than  could  form  a  vapor  shield,  isolating  any  unbumt  propellant  grains  from  the  plasma. 
As  will  be  seen  in  the  JA2  firings,  this  behavior  is  typical  for  almost  all  solid  propellant  ETC  closed 
chamber  firings  investigated  under  this  study. 
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Figure  6.  M5  BR  results  with  plasma  augmentation. 

Since  the  oscillatory  nature  of  the  bum  rate  cures  makes  it  difficult  to  quantitatively  compare  the 
deduced  bum  rate  with  the  standard  propellant  bum  rate,  the  following  procedure  is  employed.  First, 
using  the  20-80%  of  maximum  pressure  range,  a  least-squares  linear  fit  for  the  data  is  determined. 
Basically,  this  provides  a  typical  r  =  bP"  bum  rate  law  for  the  specific  pressure  range  (see  Table  3).  This 
will  also  mitigate  the  impact  of  the  oscillations  on  the  bum  rate  curve.  Second,  using  this  bum  rate  law 
and  the  conventional  bum  rate  law  for  the  propellant  (see  Table  1),  the  average  bum  rate  difference  over 
the  20-80%  maximum  pressure  range  is  determined.  The  average  bum  rate  difference  is  computed  as  the 
integral  of  the  difference  of  the  two  bum  rate  laws  with  limits  of  integration  20%  of  maximum  pressure 
and  80%  of  maximum  pressure.  The  integral  is  then  divided  by  the  length  of  the  20-80%  of  maximum 
pressure  range.  Third,  in  a  similar  manner,  the  average  bum  rate  over  the  same  pressure  range  using  the 
conventional  bum  rate  law  is  computed.  Finally,  the  average  percent  difference  is  computed  by  dividing 
the  results  of  step  two  by  the  integral  computed  in  step  three.  For  the  firing  020994S1,  the  average 
difference  was  8.6%,  while  for  firing  021594S1,  the  corresponding  value  was  4.8%.  Thus,  using  this 
metric,  for  M5  propellant,  there  appears  to  be  little  bum  rate  enhancement  attributable  to  the  introduction 
of  the  plasma,  at  least  in  the  20-80%  of  maximum  pressure  range.  Detailed  information  on  the  two  M5 
firings  is  provided  in  Table  3. 
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Table  3.  Details  of  the  M5  Gosed  Qiamber  Firings  and  Results 


Loading 

EE 

20-80% 

BR  Law 

Average 

ID  No. 

Density 

EE 

Density 

Pmax 

Pmax 

(20-80%  Pmax) 

Difference 

(g/cm3) 

(kJ) 

(kJ/g) 

(MPa) 

(MPa) 

(cm/s) 

(%) 

020994S1 

0.225 

17.1 

0.587 

323 

65-258 

2.05393  P0  446 

8.6 

021594S1 

0.272 

16.4 

0.466 

431 

86-345 

0.484887  P0  7277 

4.8 

It  should  be  noted  that  the  electrical  energy  densities  (EE  Den.)  for  the  two  firings  are  typical  for  ETC 
gun  firings.  Thus,  these  closed  chamber  results  should  provide  pertinent  data  at  least  in  terms  of 
plasma/propellant  characteristics  for  actual  gun  firings. 

4.2.2  JA2  Bum  Rate  Results.  Gosed  chamber  firings  utilizing  JA2  propellant  were  performed  over 
a  wide  range  of  electrical  energy  densities  and  pulse  duration,  as  shown  in  Table  4.  However,  in  all 
instances,  once  the  electrical  energy  density  approached  1.0  kJ/g,  unacceptable  pressure  data  were 
obtained.  The  most  likely  explanation  is  radiative  heat  of  the  pressure  transducers  by  the  plasma,  causing 
the  gauge  to  read  low  (Stobie  and  White  1994).  Other  possibilities  will  be  discussed  later  in  this  report. 

4.2.2. 1  Short  Pulse  Length  Firings.  As  can  be  seen  in  Table  4,  the  firings  for  the  short  pulse  length 
can  be  subdivided  into  three  groups  based  on  electrical  energy  density:  (1)  low  electrical  energy  density, 
firings  01245S1  and  01305S1;  (2)  high  electrical  energy  density,  firings  04084S1, 04194S1, 02105S1;  and 
(3)  typical  gun  firing  electrical  energy  densities,  firings  03154S1,  03154S2,  03184S1,  and  02095S1. 
Deduced  bum  rates  for  these  firings  are  given  in  Figures  7-9.  (Note:  Deduced  bum  rates  are  not 
provided  for  firings  04084S1  and  04194S1  due  to  unacceptable  pressure  data  being  recorded.) 

As  can  be  observed  from  the  figures,  except  for  firing  03154S2  (Figure  9),  the  behavior  for  the  bum 
rate  curves  is  similar.  It  matches  that  observed  for  the  M5  firings,  namely,  significant  wave  structure  and 
elevated  bum  rates  at  low  pressures  with  essentially  no  bum  rate  augmentation  at  higher  pressures, 
regardless  of  the  timing  of  the  electrical  energy  input.  The  average  percent  difference  in  bum  rate, 
(Table  5)  is  consistent  with  these  observations,  indicating  no  substantial  bum  rate  augmentation  except 
for  firing  03154S2,  which  is  considered  an  outlier. 
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Table  4.  JA2  Plasma-Augmented  Firing  Matrix3 


Total  Electrical  Energy  Input 

Low  Input  (3  kY,  ~  17  kJ) 

High  Input  (5  kV,  25-60  kJ)  ,! 

ID 

LDb 

EE  Density0 

ID 

LD 

EE  Density 

(g/cm3) 

(kJ/g) 

(g/cm3) 

(kJ/g) 

03154S1 

0.21 

0.645 

04084S1 

mrm 

1.27 

o 

03154S2 

0.21 

0.586 

04194S1 

■ 

p  CO 

&  P 

03184S1 

0.27 

0.492 

02105S1 

0.21 

1 

01245S1 

0.21 

0.295 

f 

XS 

01305S1 

0.21 

0.231 

5 

02095S1 

0.21 

0.639 

O 

eo 

<2 

«  _ 

JS 

<2  s 

08314S1 

n 

2.44 

60^ 

!a 

None 

09164S1 

■ 

2.66 

a  Chamber  volume  =  129.4  cm3 
k  Propellant  loading  density 

c  Electrical  energy  (EE)  (ratio  of  total  electrical  input  energy  to  charge  mass) 


4.2.2.2  High  Input  Energy  Firings.  Since  one  of  the  primary  objectives  of  the  closed  chamber 
experiments  was  to  investigate  the  possibility  of  radiative  heating  by  the  plasma,  it  was  felt  that  increasing 
the  electrical  energy  input  would  only  enhance  this  effect.  Thus,  the  high  electrical  energy  input  firings 
(short  and  long  pulse  lengths)  were  performed,  even  though  the  resulting  electrical  energy  densities  exceed 
those  expected  in  actual  ETC  gun  applications  (1-3  kJ/g  vs.  0.5  kJ/g,  see  Table  3).  All  the  high  electrical 
energy  firings  (except  02105S1)  will  be  discussed  at  the  same  time,  since  similar  and  unacceptable  results 
from  the  firings  were  obtained. 


The  recorded  pressure  data  for  firings  08314S1  and  09164S1  are  shown  in  Figures  10  and  11.  For 
both  firings,  not  only  do  the  two  gauges  record  substantially  different  pressure  profiles,  but  the  maximum 
pressure  recorded  is  still  30-40%  below  the  theoretically  calculated  maximum  pressure.  These 
discrepancies  render  the  data  unacceptable. 
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Figure  7.  JA2  bum  rate  for  low  EE  density.  Figure  8.  JA2  bum  rate  for  high  EE  densit 


Range  of  EE  Termination 
For  All  Firings  = 


Typical  Gun  EE  Densities  (0.4  -  0.7  kj/g) 
JA2  Propellant 

-  Firing:  03154S1 

. A . .  Firing:  03154S2 

—  Firing:  03184S1 
■  Firing:  02095S1 
•  Conventional  Burn  Rate 


Log  Pressure  (MPa) 


Figure  9.  JA2  bum  rate  for  typical  gun  electrical  energy  densities. 


Table  5.  Details  of  the  JA2  Closed  Chamber  Firings  and  Results 


ID  No. 


03154S1 

03154S1 

03184S1 

01245S1 

01305S1 

02095S1 

02105S1 


Loading 

Density 

(g/cm3) 


EE 

(kJ) 

EE 

Density 

(kJ/g) 

Pmax 

(MPa) 

20-80% 

Pmax 

(MPa) 

BR  Law 
(20-80%  Pmax) 
(cm/s) 

Average 

Difference 

(%) 

16 

17.8 

B3I 

1 

69- 275 

70- 281 

0.125702  P09656 
4.06992  P°'3523 

-0.36 

34.0 

17 

0.492 

83-333 

0.181633  P0  8591 

-17.8 

8 

0.295 

311 

62-249 

0.385633  P07104 

-17.2 

6.3 

0.231 

313 

62-249 

4.41329  P0  234 

-14.0 

17.4 

0.639 

239 

48-191 

0.779128  P05982 

2.5 

24.6 

0.907 

266 

53-213 

0.339886  P0  7752 

3.4 
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Figure  11.  Firing  09164S1  gauge  1  and  2  pressure  histories. 

Several  explanations  to  explain  these  high  electrical  energy  results  have  been  proposed: 

•  The  tests  were  conducted  at  low  loading  densities  (0.18-0.22  g/cm3)  compared  with  most  ETC  gun 
firings  (>0.9  g/cm3).  Additionally,  these  tests  were  conducted  at  higher  than  normal  electrical  energy 
densities.  As  a  consequence,  the  pressure  gauges  may  have  received  large  quantities  of  radiant  energy 
from  the  plasma,  which  is  at  a  much  higher  temperature  than  the  propellant  combustion  gases.  If  the 
gauge  were  heated  by  the  plasma,  it  would  cause  a  reduction  in  the  apparent  measured  pressure  since  heat 
is  known  to  cause  a  negative  effect  on  the  gauge  (Stobie  and  White  1994).  As  discussed  earlier,  the 
closed  chamber  had  two  gauges,  one  in  the  side  wall  and  one  in  the  end  closure  plug  of  the  combustion 
chamber.  The  end  gauge  (gauge  1)  would  be  subjected  to  the  entire  output  from  the  plasma  since  the 
plasma  is  delivered  along  the  center  axis  directly  in  line  with  the  gauge.  However,  the  side  gauge 
(gauge  2)  would  receive  a  lesser  amount  of  heat  due  to,  among  other  things,  the  presence  of  the  propellant. 
As  can  be  observed  in  Figures  10  and  1 1,  the  end  gauge  (gauge  1)  measured  over  20%  lower  in  maximum 
pressure  for  both  firings. 


15 


•  An  assumption  is  made  in  all  ETC  firings  (closed  chamber  and  gun  firings)  that  the  electrical  power 
and  energy  measured  as  an  input  to  the  plasma  is  all  converted  into  heating  either  the  propellant  or 
combustion  products,  which  then  can  be  used  for  delivering  energy  to  the  projectile.  Unfortunately,  this 
may  not  be  entirely  true.  There  are  at  least  two  mechanisms,  both  of  which  could  occur  at  the  same  time, 
in  which  some  part  of  the  plasma  energy  would  not  interact  with  the  propellant  or  combustion  products. 
First,  a  significant  portion  of  the  plasma  energy  is  in  the  form  of  radiation.  Since  the  propellant  is  not 
totally  opaque  in  the  visible  region,  not  all  the  radiative  energy  will  be  absorbed  immediately.  Some 
radiative  energy  could  be  lost  to  the  bomb  walls.  Second,  as  the  pressure  rises  in  the  combustion 
chamber,  it  may  exceed  that  in  the  plasma  chamber,  causing  the  plasma  energy  to  be  trapped  in  the  plasma 
generator.  There  is  some  experimental  evidence  for  this  hypothesis.  From  post  firing  analysis  of  the  high- 
energy  firings,  it  was  observed  that  metal  melted  from  the  steel  electrode  was  confined  primarily  to  the 
plasma  generator  region  of  the  fixture.  Very  little  of  the  metal  reached  the  combustion  chamber,  as  would 
be  expected  (Del  Guercio  et  al.  1994).  This  could  indicate  that  some  portion  of  the  electrical  energy  is 
lost  to  heating  in  the  plasma  generator  chamber  and  never  reaches  the  propellant  or  combustion  products. 
This  would  manifest  itself  as  a  lowering  of  the  measured  chamber  pressure  compared  to  the  expected 
pressure. 

5.  CONCLUSIONS 

This  report  has  attempted  to  summarize  efforts  directed  at  determining  the  bum  rate  of  M5  and  JA2 
solid  propellant  subjected  to  an  electrically  generated  plasma.  Four  different  mechanisms — erosive 
burning,  creation  of  ’’worm  holes,"  radiative  heating,  and  combustion  product  heating  to  maintain  high 
pressure — have  been  proposed  to  explain  mechanisms  by  which  a  plasma  may  affect  or  enhance  propellant 
bum  rate.  This  report  addresses  the  first  and  third  of  these  mechanisms  since  no  specific  experiments  have 
been  performed  to  address  "worm  holes"  and  the  fourth  mechanism  affects  pressurization  rates,  not  bum 
rate. 

Based  upon  the  results  presented  in  this  report,  it  appears  that  plasma  augmentation  has  no  significant 
impact  on  propellant  combustion  behavior  as  measured  by  propellant  bum  rate,  except  possibly  at  the 
beginning  of  the  combustion  cycle.  It  is  important  to  note  that  these  results  may  only  be  valid  for  the  two 
propellants  studied  or  propellants  similar  in  composition.  Sustained  elevated  bum  rates  due  to  plasma 
augmentation  for  LOVA  propellants  containing  nitramine  have  been  reported  (Phillips  1995).  Specific 
observations  concerning  the  experiments  documented  in  this  report  are: 
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(1)  Direct  impingement  of  plasma  on  propellant  grains  at  distances  of  1-2  cm  appears  to 
cause  enhanced  bum  rates,  but  is  highly  dependent  on  the  angle  of  injection  of  the 
plasma  onto  the  propellant  surface. 

(2)  For  closed  chamber  firings,  plasma  ignition  of  the  solid  propellants  studied  produced 
low-magnitude  pressure  waves  that  were  exhibited  on  the  bum  rate  curves. 

(3)  Closed  chamber  bum  rates  indicate  no  bum  rate  enhancement  due  to  plasma  injection 
except  at  low  pressures  where  direct  plasma  on  propellant  grains  may  be  occurring.  At 
high  pressures,  the  combustion  gases  may  be  acting  as  a  vapor  shield,  preventing  the 
plasma  from  having  any  influence  on  the  unbumt  solid  propellant 

(4)  All  the  high  electrical  energy  input  firings,  except  one,  generated  unacceptable  pressure 
histories  with  30-40%  discrepancies  in  observed  and  theoretical  maximum  pressure.  In 
addition,  20%  differences  in  maximum  recorded  pressure  between  gauges  in  the  closed 
chamber  were  observed  for  these  firings.  Several  possible  explanations  for  the  high 
electrical  energy  input  firing  results  are  radiative  heating  of  the  gauges  and/or  excessive 
heat  loss  in  either  the  combustion  or  plasma  generator  chamber  walls. 

Finally,  if  significant  heat/energy  losses  are  occurring  in  either  the  combustion  chamber  (to  the  wall) 
or  the  plasma  generator  chamber  (melting  of  electrical  components,  etc.),  then  this  could  be  at  least  a 
partial  answer  to  why  ETC  gun  firings  have  historically  not  demonstrated  the  efficiency  or  ballistic  ratio 
of  solid  propellant  guns  (Oberle  and  White  1991). 


17 


INTENTIONALLY  LEFT  BLANK. 


18 


6.  REFERENCES 


Anderson,  R.  D„  and  K.  Fickie.  "IBHVG2  -  A  User’s  Guide."  BRL-TR-2829,  U.S.  Army  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD,  July  1987. 

Bourham,  M,  J.  Gilligan,  O.  Hankuns,  W.  Eddy,  and  J.  Hurley.  "Electrothermal  Plasma  Source  as  a  High 
Heat  Flux  Simulator  for  Plasma-Facing  Components  and  Launch  Technology  Studies."  Proceedings 
of  the  9th  International  Conference  on  High  Power  Particle  Beams,  Washington,  DC,  vol.  m, 
pp.  1979-1983,  25-29  May  1992. 

Del  Guerdo,  M.,  H.  Burden,  I.  Stobie,  G.  Katulka,  and  S.  Driesea  "Pulse  Forming  Network  Application 
in  Characterization  of  Plasma  Augmented  Solid  Propellant  Combustion."  To  be  published  in  the 
proceedings  of  31st  JANNAF  Combustion  Subcommittee  Meeting,  Sunnyvale,  CA,  October  1994. 

Eamhart,  J.,  N.  Winsor  (GT-Devices),  and  G.  Wren.  "Electrothermal-Chemical  (ETC)  Extensions  to 
IBHVG2  With  a  New  User’s  Tutorial."  ARL-TR-348,  U.S.  Army  Research  Laboratory,  Aberdeen 
Proving  Ground,  MD,  January  1994. 

Edwards,  C.,  M.  Bourham,  and  J.  Gilligan.  "Operational  Characteristics  and  Preliminary  Results  of  a 
Plasma-Propellant  Interaction  Experiment "  Proceedings  of  the  30th  JANNAF  Combustion  Meeting, 
CA,  CPIA  Publication  606,  vol.  I,  pp.  27-32,  15-19  November  1993. 

Gilligan,  J.,  M.  Bourham,  O.  Hankuns,  W.  Eddy,  J.  Hurley,  and  D.  Black.  "Vapor  Shield  Protection  of 
Plasma  Facing  Components  Under  Incident  High  Heat  Flux."  Journal  of  Nuclear  Materials, 
vol.  196-198,  pp.  596-601,  1992. 

Harris,  L.,  D.  Chiu,  J.  Prezelski,  P.  O’Reilly,  R.  Marchek,  D.  Downs,  W.  Oberle,  J.  Greig,  H.  McElroy, 
and  J.  Bezzett.  "Enhanced  Propellant  Bum  Rate  Through  Plasma  Erosion."  Proceedings  of  the  30th 
JANNAF  Combustion  Meeting,  CPIA  Publication  606,  pp.  121-135,  November  1993. 

Lieb,  R.  J.,  and  C.  J.  Gillich.  "Morphology  of  Extinguished  Monolithic  JA-2  Grains  Fired  in  a  30-mm 
SPETC  Gun."  U.S.  Army  Research  Laboratory  Technical  Report  in  Press,  Aberdeen  Proving  Ground, 
MD,  October  1994. 

Oberle,  W.  F.,  and  K.  J.  White.  "Electrothermal  Gun  Technology  and  Performance:  An  Analysis  of 
Small  and  Large  Caliber  Ballistic  Data."  BRL-TR-3238,  U.S.  Army  Research  Laboratory,  Aberdeen 
Proving  Ground,  MD,  June  1991. 

Oberle,  W.  F.,  and  D.  E.  Kooker.  "BRLCB:  A  Closed-Chamber  Data  Analysis  Program:  Part  I -Theory 
and  User’s  Manual."  ARL-TR-36,  U.S.  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
January  1993. 

Phillips,  G.  Private  communication.  Science  Applications  International  Corporation,  San  Diego,  CA, 
1995. 

Stobie,  I.,  and  K.  White.  Private  communication.  U.S.  Army  Research  Laboratory,  Aberdeen  Proving 
Ground,  MD,  October  1994. 


19 


Stobie,  L.  M.  Del  Guercio,  and  W.  Oberie.  "Closed  Chamber  Study  of  Plasma  Augmented  Bum 
Ratio."  To  be  published  in  the  proceedings  of  31st  JANNAF  Combustion  Subcommittee  Meeting, 
Sunnyvale,  CA,  October  1994. 

White,  K.,  I.  Stobie,  W.  Oberie,  G.  Katulka,  and  S.  Driesea  "Combustion  Control  Requirements  in 
High  Loading  Density  Solid  Propellant  ETC  30-mm  Gun  Firings."  To  be  published  in  the  proceedings 
of  31st  JANNAF  Combustion  Subcommittee  Meeting,  Sunnyvale,  CA,  October  1994. 


20 


NO.  OF 

COPIES  ORGANIZATION 

2  ADMINISTRATOR 
ATTN  DTIC  DDA 

DEFENSE  TECHNICAL  INFO  CTR 
CAMERON  STATION 
ALEXANDRIA  VA  22304-6145 

1  DIRECTOR 

ATTN  AMSRL  OP  SD  TA 
US  ARMY  RESEARCH  LAB 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

3  DIRECTOR 

ATTN  AMSRL  OP  SD  TL 
US  ARMY  RESEARCH  LAB 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

1  DIRECTOR 

ATTN  AMSRL  OP  SD  TP 
US  ARMY  RESEARCH  LAB 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 


ABERDEEN  PROVING  GROUND 

5  DIR  USARL 

ATIN  AMSRL  OP  AP  L  (305) 


21 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  CDR  USAARDEC 

ATTN  SMCAR  WAH  T 

MRJDOMEN 

BLDG  62  NORTH 

PCTNY  ARSNL  NJ  07806-5000 

1  CDR  USAARDEC 

ATTN  SMCAR  AEE  BR 
MR  K  KLINGAMAN 
BLDG  1501 

PCTNY  ARSNL  NJ  07806-5000 

1  DIR  USA  BMD 

ADV  TECH  CTR 
PO  BOX  1500 
HUNTSVILLE  AL  35807 

1  CHAIRMAN 

DOD  EXP  SAFETY  BD 
RM  856-C  HOFFMAN  BLDG  1 
2461  EISENHOWER  AVE 
ALEXANDRIA  VA  22331-0600 

1  DA  OFC  OF  PM 

155MM  HWTZR  M109A6  PALADN 
ATTN  SFAE  AR  HIP  IP 
MR  R  DE  KLEINE 
PCTNY  ARSNL  NJ  07806-5000 

1  CDR  PROD  BASE  MOD  AGNCY 
USAARDEC 

ATTN  AMSMC  PBM  E  L  LAIBSON 
PCTNY  ARSNL  NJ  07806-5000 

3  PEO  ARMAMENTS  PM  TMAS 

ATTN  AMCPM  TMA  K  RUSSELL 
AMCPM  TMA  105 
AMCPM  TMA  120 
PCTNY  ARSNL  NJ  07805-5000 

2  DIR  BENET  LAB 

USA  WATERVLIET  ARSNL 
ATTN  SARWV  RD  G  CARAFANO 
R  HASOENBEIN 
WATERVLIET  NY  12189 

1  DIR  BENET  LAB 

USA  WATERVLIET  ARSNL 
ATTN  SARWV  RD  P  VOTIS 
WATERVLIET  NY  12189 


3  CDR  USAAMCCOM 

ATTN  AMSMC  IRC  G  COWAN 
SMCAR  ESM  R  W  FORTUNE 
R  ZASTROW 

ROCK  ISLAND  IL  61299-7300 

1  CDR  USACECOM 

R&D  TECH  LIB 
ATTN  ASQNC  ELC  ISL  R 
MYERCTR 

FT  MONMOUTH  NJ  07703-5301 

1  CMDT  USAAS 

ATTN  AVIATION  AGNCY 
FT  RUCKER  AL  36360 

1  DIR  HQ  TRAC  RPD 

ATTN  ATCD  MA  MAJ  WILLIAMS 
FT  MONROE  VA  23651-5143 

1  HQ  USAMC 
ATTN  AMCICP  AD 
M  F  FISETTE 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

2  CDR  USAARDEC 

ATTN  SMCAR  CCD  D  SPRING 
SMCAR  CCS 

PCTNY  ARSNL  NJ  07806-5000 

2  CDR  USAARDEC 

ATTN  SMCAR  CCH  T 
L  ROSENDORG 
SMCAR  CCH  V  E  FENNELL 
PCTNY  ARSNL  NJ  07806-5000 

2  CDR  USAARDEC 

ATTN  SMCAR  AEE  B 
D  DOWNS 
D  CHIU 

PCTNY  ARSNL  NJ  07806-5000 

2  CDR  USAARDEC 

ATTN  SMCAR  AEE  J  LANNON 
SMCAR  AED  S  KAPLOWITZ 
PCTNY  ARSNL  NJ  07806-5000 


22 


NO.  OF 

COPES  ORGANIZATION 


NO.  OF 

COPES  ORGANIZATION 


2  CDR  USAARDEC 

ATTN  SMCAR  FSA  T 
M  SALSBURY 
TGORA 

PCTNY  ARSNL  NJ  07806-5000 

2  CDR  USAARDEC 

ATTN  SMCAR  B  KNUTELSKY 
A  GRAF 
K  CHEUNG 

PCTNY  ARSNL  NJ  07806-5000 

2  CDR  USAARDEC 

ATTN  SMCAR  EG 
G  FERDINAND 
R  ZIMANY 

PCTNY  ARSNL  NJ  07806-5000 

2  CDR  USARO 

ATTN  TECH  LIB  D  MANN 

POBOX  12211 

RSCH  TRI  PK  NC  27709-2211 

1  CDR  USABRDC 

ATTN  STRBE  WC 
TECH  LIB  VAULT 
BLDG  315 

FT  BELVOIR  VA  22060-5606 

1  CDR  USA  TRAC  FT  LEE 

DEFENSE  LOGISTICS  STUDES 
FT  LEE  VA  23801-6140 

1  PRESIDENT 

USA  ARTILLERY  BD 
FT  SILL  OK  73503 

1  CMDT 

USACGSC 

FT  LVNWORTH  KS  66027-5200 

1  CMDT 

USASWS 

ATTN  REV  &  TNG  LIT  DIV 
FT  BRAGG  NC  28307 

1  CDR 

RADFORD  ARMY  AMMO  PLANT 
ATTN  SMCRA  QA  HI  LIBRARY 
RADFORD  VA  24141 


1  CMDT 

USAFAS 

ATTN  STSF  TSM  CN 
FT  SILL  OK  73505-5600 

1  DEP  CDR  SDC 

ATTN  SFAE  SD  HVL 
DLIANOS 
PO  BOX  1500 

HUNTSVILLE  AL  35887-8801 

3  CDR  USAFSTC 

ATN  AMXST  MC  3  S  LEBEAU 
CBEITER 

220  SEVENTH  ST  NE 
CHARLOTTES VIILE  VA  22901 

1  CMDT  USAFACS 

ATTN  ATSF  CO  MW 
B  WILLIS 
FT  SILL  OK  73503 

1  OFC  NAVAL  RSCH 

ATTN  CODE  473  R  S  MILLER 
800  N  QUINCY  ST 
ARLINGTON  VA  22217 

2  CDR  NSSC 
ATN  SEA  62R 
SEA  64 

WASH  DC  20362-5101 

1  CDR  NASC 

ATTN  AE  954  TECH  LIB 
WASH  DC  20360 

1  NAVAL  RSCH  LAB 
TECH  LIB 
WASH  DC  20375 

2  CDR  NSWC 

ATTN  J  P  CONSAGA 
C  GOTZMER 

SLVR  SPRNG  MD  20902-5000 

2  CDR  NSWC 

ATTN  CODE  R13  K  KIM 
CODE  R13  R  BERNECKER 
SLVR  SPRNG  MD  20902-5000 


23 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  CDR  NSWC  INDIAN  HEAD  DIV 

ATTN  6210  C  SMITH 
621QJ  K  RICE 
6210C  S  PETERS 
INDIAN  HEAD  MD  20640-5035 

3  CDR  NSWC  DAHLGREN  DIV 

ATTN  CODE  G33  T  DORAN 
J  COPLEY 

CODE  G30  G&M  DIV 
DAHLGREN  VA  2448-5000 

3  CDR  NSWC  DAHLGREN  DIV 

ATTN  CODE  G301  D  WILSON 
CODE  G32  GUNS  SYSTEMS  DIV 
CODE  E23  TECH  LIB 
DAHLGREN  VA  2448-5000 

1  CDR  NSWC  CRANE  DIV 
ATTN  CODE  4052  S  BACKER 
BLDG  108 

CRANE  IN  47522-5000 

2  CDR  NUSC  ENG  CONV  DEPT 
ATTN  CODE  5B331  R  S  LAZAR 
TECH  LIB 

NEWPORT  RI  02840 

1  CDR  NSWC  INDIAN  HD  DIV 

ATTN  CODE  270P1  MR  E  CHAN 
101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 

1  CDR  NSWC  INDIAN  HD  DIV 
ATTN  CODE  3120  MR  R  RAST 
101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 

1  CDR  NSWC  INDIAN  HD  DIV 
ATTN  CODE  210P1  R  SIMMONS 
101  STRAUS  AVE 

INDIAN  HEAD  MD  20640 

2  CDR  NSWC  INDIAN  HD  DIV 
ATTN  CODE  6210  S  BOYLES 
N  ALMEYDA 

101  STRAUS  AVE 
INDIAN  HEAD  MD  20640 

1  CDR  NAWC 

ATTN  CODE  3891  A  ATWOOD 
CHINA  LAKE  CA  93555 


1  CDR  USAARDEC 

ATTN  SMCAR  CCH  J  HEDDERICH 
BLDG  1 

PCTNY  ARSNL  NJ  07806-5000 

1  OLAC  PL  TSTL 

ATTN  D  SHIPLETT 
EDWARDS  AFB  CA  93523-5000 

10  CIA 

OFC  OF  CENTRAL  REFERENCE 
DISSEMINATION  BRANCH 
RM  GE47  HQS 
WASH  DC  20502 

1  CIA 

ATTN  J  E  BACKOFEN 
HQ  RM  5F22 
WASH  DC  20505 

2  DIRLANL 

ATTN  B  KASWHIA 
H  DAVIS 

LOS  ALAMOS  NM  87545 

1  DIR  LLNL 

ATTN  MS  L355  A  BUCKINGHAM 
PO  BOX  808 
LIVERMORE  CA  94550 

1  DIR  SANDIA  NAT  LAB 

COMBUSTION  RSCH  FACILTY 
ATTN  R  ARMSTRONG 
DIV  8357 

LIVERMORE  CA  94551-0469 

1  DIR  SANDIA  NAT  LAB 

COMBUSTION  RSCH  FACILTY 
ATTN  S  VOSEN 
DIV  8357 

LIVERMORE  CA  94551-0469 

1  UNIVERSITY  OF  ILLINOIS 

DEPT  OF  MECH/INDUST  ENGR 
ATTN  PROF  H  KRIER  144  MEB 
1206  N  GREEN  ST 
URBANA  IL  61801 


24 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  JHU  CPIA 

ATTN  T  CHRISTIAN 

10630  LTLE  PATUXENT  PKWY 

SUITE  202 

COLUMBIA  MD  21044-3200 

2  PENN  STATE  UNIV 

DEPT  OF  MECHANICAL  ENGR 
ATTN  J  BROWN 
312  MECHANICAL  ENGR  BLDG 
UNIVERSITY  PARK  PA  16802 

1  NCSU 

ATTN  J  G  GILLIGAN 
M  BOURHAM 
BOX  7909 

1110  BURLINGTON  ENGR  LABS 
RALEIGH  NC  27695-7909 

1  NCSU 

ATTN  M  BOURHAM 
BOX  7909 

1110  BURLINGTON  ENGR  LABS 
RALEIGH  NC  27695-7909 

2  INSTITUTE  FOR  ADVANCED  STUDIES 
ATTN  DR  H  FAIR 

DRTOEHNE 

4030  2  W  BAKER  LANE 

AUSTIN  TX  78759-5329 

1  SRI  INTERNATIONAL 

PROPULSION  SCIENCES  DIV 
ATTN  TECH  LIB 
333  RAVENSWOOD  AVE 
MENLO  PARK  CA  94025 

1  SPARTA 

ATTN  DR  M  HOLLAND 
945  TOWNE  CENTER  DR 
SAN  DIEGO  CA  92121-1964 

2  UNITED  DEFENSE 
ATTN  MR  M  SEALE 
DR  A  GIOVANETTI 
4800  E  RIVER  RD 
MINNEAPOLIS  MN  55421-1498 

1  UNITED  DEFENSE 

ATTN  MR  J  DYVK 
4800  E  RIVER  RD 
MINNEAPOLIS  MN  55421-1498 


1  HERCULES  INC 

RADFORD  ARMY  AMMO  PLANT 
ATTN  D  A  WORRELL 
POBOX  1 

RADFORD  VA  24141 

1  HERCULES  INC 

RADFORD  ARMY  AMMO  PLANT 
ATTN  E  SANFORD 
POBOX  1 

RADFORD  VA  24141 

2  GDLS 

ATTN  MR  F  LUNSFORD 
DR  M  WEIDNER 
PO  BOX  2074 
WARREN  MI  48090-2074 

3  OLIN  ORDNANCE 

ATTN  V  MCDONALD  LIBRARY 
H  MCELROY  D  WORTHINGTON 
PO  BOX  222 
ST  MARKS  FL  32355 

1  PAUL  GOUGH  ASSOC  INC 

ATTN  P  S  GOUGH 
1048  SOUTH  ST 
PORTSMOUTH  NH  03801-5423 

1  PHYSICS  INTL  LIBRARY 

ATTN  H  W  WAMPLER 
PO  BOX  5010 

SAN  LEANDRO  CA  94577-05999 

1  ROCKWELL  INTL 

ROCKETDYNE  DIV 
ATTN  BA08  J  E  FLANAGAN 
6633  CANOGA  AVE 
CANOGA  PARK  CA  91304 

1  ROCKWELL  INTL 

ROCKETDYNE  DIV 
ATTN  BA08  J  GRAY 
6633  CANOGA  AVE 
CANOGA  PARK  CA  91304 

1  SCIENCE  APPLICATIONS  INC 

ATTN  J  BATTEH 
1225  JOHNSON  FERRY  RD 
STE  100 

MARIETTA  GA  30068 


25 


NO.  OF 
COPIES 

1 

1 

1 

1 

1 

1 

1 

1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


SCIENCE  APPLICATIONS  INC 
ATTN  L  THORNHILL 
1225  JOHNSON  FERRY  RD 
STE  100 

MARIETTA  GA  30068 


1  SNL 

ATTN  MR  M  GRUBELICH 
DIV  2515 
PO  BOX  5800 

ALBUQUERQUE  NM  87185 


ELI  FREEDMAN  &  ASSOC 
ATTN  E  FREEDMAN 
2411  DIANA  RD 
BALTIMORE  MD  21209 

VERITAY  TECH  INC 
ATTN  MR  E  FISHER 
4845  MILLERSPORT  HWY 
E  AMHERST  NY  14051-0305 

BATTELLE 
ATTN  TACTEC  LIB 
J  N  HUGGINS 
505  KING  AVE 
COLUMUS  OH  43201-2693 

CA  INSTITUTE  OF  TECH 
JET  PROPULSION  LAB 
ATTN  L  D  STRAND  MS125  224 
4800  OAK  GROVE  DR 
PASADENA  CA  91109 

CA  INSTITUTE  OF  TECH 
JET  PROPULSION  LAB 
ATTN  D  ELLIOT 
4800  OAK  GROVE  DR 
PASADENA  CA  91109 


ABERDEEN  PROVING  GROUND.  MD 

4  CDR  USACSTA 
ATTN  S  WALTON 
GRICE 
D LACEY 
CHERUD 

22  DIR  USARL 

ATTN  AMSRL  PFD 
A  HORST 
RFIFER 
ESCHIDT 
T  MINOR 
B  BURNS 
T  COFFEE 
M  DEL  GUERCIO 
G  KATULKA 
G KELLER 
DKOOKER 
W  OBERLE  (8  CPS) 

F  ROBBINS 
I  STOBIE 
K  WHITE 
G  WREN 


USA  BENET  LAB 
ATTN  SMCAR  CCB  R 
DR  S  SPOCK 
WATERVLIET  NY  12189 

MARTIN  MARIETTA  DEFENSE  SYS 
ATTN  DR  J  MANDZY 
MAIL  DROP  42  220 
100  PLASTICS  AVE 
PITTSFIELD  MA  01201 


STATE  U  OF  NY 
DEPT  OF  ELEC  ENGR 
ATTN  DR  W  J  SARGEANT 
BONNER  HALL  RM  312 
BUFFALO  NY  14260 


26 


NO.  OF 

COPIES  ORGANIZATION 


2  RARDE 

GS2  DIVISION  BLDG  R31 

ATTN  DR  C  WOODLEY,  DR  G  COOK 

FORT  HALSTEAD 

SEVENOAKS  KENT  TN14  7BP 

ENGLAND 

1  MATERIALS  RESEARCH  LABORATORY 
SALISBURY  BRANCH 
ATTN  ANNA  WILDEGGER  GAISSMAIER 
EXPLOSIVES  ORDNANCE  DIVISION 
SALISBURY 

SOUTH  AUSTRALIA  5108 

1  LABORATORIO  QUIMICO  CENTRAL 
DE  ARMAMENTO 

ATTN  CPT  JUAN  F  HERNANDEZ  TAMAYO 
APARTADO  1105 
28080  MADRID 
SPAIN 

1  R&D  DEPT. 

ATTN  DR  PIERRE  ARCHAMBAULT 
5  MONTEE  DES  ARSENAUX 
LE  GARDEUR  QUEBEC 
CANADA  J5Z  2P4 


27 


INTENTIONALLY  LEFT  BLANK. 


28 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-782 _ Date  of  Report  June  1995 _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 

will  be  used.) _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


DEPARTMENT  OF  THE  ARMY 


OFFICIAL  BUSINESS 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  0001  ,APG,MD 


POSTAGE  WILL  BE  PAID  BY  ADDRESSEE 


DIRECTOR 

U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-WT-PA 

ABERDEEN  PROVING  GROUND,  MD  21005-5066 


